The present study examined intestinal epithelial cell (IEC) integrin distribution and disassembly of actin cytoskeleton in response to ischemia-anoxia. Protective effects of calcium channel blocker(CCB) were further examined to explore underlying mechanisms of cellular injury. Materials and Methods. Primary cultures of rat IECs and an in vitro model of ischemia/anoxia were established. IECs were exposed to ischemia/anoxia in the presence and absence of verapamil. The extent of exfoliation was determined using light microscopy while apoptosis rate was measured using flow cytometry. Changes in intracellular calcium, the distribution of integrins and the morphology of F-actin were assessed by confocal microscopy. Results. Detachment and apoptosis of IECs increased following ischemia/anoxia-induced injury. Treatment with verapamil inhibited the detachment and apoptosis. Under control conditions, the strongest fluorescent staining for integrins appeared on the basal surface of IECs while this re-distributed to the apical membrane in response to ischemic injury. Depolymerization of F-actin was also observed in the injured cells. Verapamil attenuated both changes of integrins and F-actin. Conclusions. Redistribution of integrins and disruption of F-actin under ischemia/anoxia injury is associated with IEC detachment and increased apoptosis. These events appeared to be triggered by an increase in Ca 2+ i suggesting a potential use for CCB in prevention and treatment of intestinal injury.
Introduction
In recent years, a number of studies have indicated that the intestinal mucosa is the first affected site under shock or other low blood flow conditions [1, 2] . Apoptosis, a form of cell death distinct from necrosis, appears to play a key role in the intestinal injury response to the ischemia and anoxia associated with these conditions. The resultant cell death may then lead to loss of the gut barrier function and the translocation of bacteria [3] . To date, however, the exact cellular mechanisms involved in the pathogenesis of intestinal ischemia and anoxia injury remain unclear.
Ischemia and anoxia result in an increased Ca 2+ -influx through plasma membrane calcium channels resulting in accumulation of large quantities of intracellular Ca 2+ [Ca 2+ ] i [4] [5] [6] [7] . Such an increase in [Ca 2+ ] i has been proposed to be the major mediator leading to apotosis in various cell types including, cardiomyocytes, neurons, renal cells, and colonic cells [4] [5] [6] [7] . As calcium channel blockers can reduce the accumulation of calcium by decreasing its entry, it is therefore conceivable that these inhibitors could attenuate Ca 2+ -induced apoptosis. Consistent with this a number of studies have reported an inhibitory effect of calcium channel blockers on apoptosis following ischemia-induced injury. Thus, verapamil, a commonly used L-type calcium channel blocker, has proven effective in decreasing apoptosis in an experimental model of renal ischemia [8] . Similarly, the alternate Ca 2+ channel blocker, benidipine, exerts a significant antiapoptotic effect during ischemia/reperfusioninduced damage of myocardial cells [9] . As a result of these studies, we examined the effectiveness of Ca 2+ entry blockade on apoptosis in rat-cultured intestinal epithelial cells (IECs) exposed to ischemic conditions. In addition to changes in [Ca 2+ ] i the role of cell anchorage for cell survival is widely appreciated. For example, when A: control; B: ischemia/anoxia treated; C: ischemia/anoxia treated + verapamil. n = 6 per group * * Group A versus Group B, P < 0.01; ## Group B versus Group C, P < 0. epithelial cells are completely deprived of cell anchorage to their underlying extracellular matrix, they undergo a form of apoptosis termed "anoikis" [10] . As anoikis plays an important role in cell turnover and cell migration of IECs [11] , it is conceivable that during ischemic injury these mechanisms are involved. Integrins exist as α and β subunit heterodimeric cell-surface receptors that mediate cell-ECM interactions, regulating both cell adhesion and survival. Furthermore, suppression of integrin activity can lead to weakening of cell adhesion and subsequent apoptosis [12] [13] [14] . The cytoplasmic domain of the β integrin chain is linked via cytoplasmic adaptor proteins, such as talin, to the actin cytoskeleton. This connection is required for integrins to perform their varied roles. Supporting this, recent studies have demonstrated that cytoskeletal rearrangements that accompany integrin-mediated adhesion and cell shape changes contribute to the abrogation of anoikis [15, 16] . However, the role of integrins and actin in IECs in ischemia/anoxiainduced injury has not yet been reported. Thus, in the current study we used laser scanning confocal microscopy, together with a model of ischemia/anoxia in murine IECs, to observe the involvement of integrins and actin. Furthermore, to define underlying cellular mechanisms we explored the effect of calcium channel blocker on these changes.
Materials and Methods

Animal Handling and Cell
Culture. All protocols were approved by the Committee of Ethics for Experimentation, Shanghai Sixth People's Hospital. Pregnant Sprague Dawley rats were obtained from the Shanghai Laboratory Animal Center. Rats were anesthetized with an intraperitoneal injection of ketamine (60 mg/kg) after which fetal rats were obtained by cesarean section, and their small intestines were removed. IECs were isolated and cultured using a modification of the method of Evans et al. [17] . Briefly, intestines were cut into small pieces and digested for 10 min at 22
• C on a shaker platform in Ca 2+ -and Mg 2+ -free Hanks-Balanced Salt Solution HBSS containing 60 U of collagenase XIa (Sigma, St. Louis, Mo.) per mL, 0.02 mg of dispase I (Boehringer Mannheim, Indianapolis, Ind.) per mL, 2% bovine serum albumin, and 0.2 mg of soybean trypsin inhibitor (Sigma) per mL. Cells and small sheets of intestinal epithelium were separated from the denser intestinal fragments by harvesting supernatants after two 60 sec centrifugations (100 × g). Cells were then centrifuged five times at 120 × g for 3 min in Dulbecco's modified Eagle medium (DMEM; (Gibco BRL, Grand Island, New York, USA) plus 2% sorbitol. The remaining pellet, consisting predominantly of cells in intact crypts and small sheets of intestinal epithelium, was plated (1 × 10 6 cells/mL) in 6-well culture dishes with or without glass coverslips in the bottom of the dish. The glass coverslips or the bottom surfaces of dishes were previously coated with Matrigel (Collaborative Biomedical Products, Bedford, Mass.). The culture medium consisted of a mixture of DMEM, 10% sorbitol, 100 U of penicillin per mL, 100 μg of streptomycin per mL, and 5% fetal bovine serum (FBS) (Biowhittaker, Walkerville, Md.). Cells were cultured in 5% CO 2 at 37
• C with periodic supplementation of medium to maintain a constant volume of 8 mL per well and replacement twice a week. Cell growth and morphology were assessed by light and transmission electron microscopy.
Electrophysiological Recording of Calcium Currents.
Macroscopic Ba 2+ currents were recorded using the patchclamp technique, in the whole-cell configuration, with an HEKA EPC 9 amplifier and Patchmaster acquisition software. Data were lowpass filtered at 2.9 kHz and acquired at 20 kHz. The final resistance of the electrode filled with the pipette solution (described below) was 3-8 MΩ. Capacitative transients and access resistance were automatically compensated for using the acquisition software.
Prior to electrophysiological recording, the culture medium was removed and replaced with extracellular solution containing (in mM) 60 CsCl, 50 NaCl, 20 TEA-Cl, 20 BaCl2, 2 4-AP, 10 HEPES, 2 MgCl 2 , 10 D-glucose, and 500 nM TTX (pH was adjusted with NaOH to 7.3, and osmolarity was adjusted to 290-310 mmol/kg). Pipettes were filled with solution containing (in mM) 135 CsCl, 10 TEACl, 3 MgCl 2 , 10 HEPES, 10 EGTA, 3 Na-ATP, and 0.3 Na-GTP (pH was adjusted with CsOH to 7.3, and osmolarity was adjusted to 290-310 mmol/kg). Nifedipine, used as an Ltype calcium channel blocker, was solubilized in DMSO, and 
diluted in the extracellular solution to a final concentration of 5 μM. Solutions were exchanged using a gravity-fed perfusion system, with the delivery pipette placed within 100 μm of the patched cell. The cell membrane was held at −70 mV, and stimulated every 20 s with a voltage ramp, which increased from −70 mV to 90 mV over 100 ms.
Ischemia/Anoxia Stimulation of IECs.
Cultured IECs were subjected to ischemia and anoxia conditions by immediately replacing culture fluid with PBS solution in the AnaeroPack jar (AnaeroPack Series,Mitsubishi Gas Chemical Co, Inc), which is equipped with an AnaeroPack, disposable O 2 -absorbing and CO 2 -generating agent, and an indicator to monitor oxygen depletion as previous study. The AnaeroPack jar is capable of reducing O 2 concentrations to <0.1% in 2 hours and of providing a 21% CO 2 atmosphere (evident when the indicator color changes from pink to white) [18] .
Cell Treatments.
After seven days in culture, IECs were divided into control (A), injury (B), and verapamil (C) groups. Group B IECs were incubated under ischemia/anoxia conditions for 4 h while Group C IECs were similarly incubated in the presence of verapamil (4 μM) for 4 h.
Extent of Exfoliation.
Following treatment, the shed cells were removed with medium. The medium was centrifuged at 1000 rpm for 5 min, then the precipitate was resuspended in 1 mL PBS, and a drop of trypan blue solution was added. The number of shed cells was obtained by counting the number of blue-stained cells. Undetached IECs in flasks were digested by 0.25% trypsin. After centrifugation at 1000 rpm for 5 min, the precipitate was collected and resuspended in 1 mL PBS to count the number of cells. The extent of exfoliation was expressed as the percentage of shed cells to the total cell number.
Detection of Apoptosis.
To detect apoptosis, cells were stained with propidium iodide (PI) and fluoresceinisothiocyanate-(FITC-) conjugated annexin V using an Annexin V-FITC/PI Apoptosis Detection Kit. Coulter flow cytometer was used to measure the FITC fluorescence between 515 and 545 nm and the PI fluorescence between 564 and 606 nm. Apoptotic cells were defined as cells staining positively for FITC and negative for PI.
Measurement of Intracellular Calcium Levels.
Intracellular Ca 2+ levels were monitored using the Ca 2+ -sensitive fluorescent indicator, Fluo-3. Cultured IECs on glass coverslips were loaded with Fluo-3/AM (5 μmol/L) in HBSS buffer at room temperature for 30 min. After washing twice with fresh HBSS, the cells were placed in 0.5 mL HBSS buffer and the cell fluorescence intensity was examined using a confocal laser scanning microscope (Bio-Rad Radiance 2100). A 488 nm excitation wavelength provided by an argon laser was used to illuminate Fluo-3, and fluorescence was detected at emission wavelength 510 nm and above. Changes in Ca 2+ levels were represented by relative fluorescence intensity (F/F 0 %) where F0 represents the fluorescence levels measured in control cells while F was that measured in the injury or verapamil treated groups.
Changes in Integrin Distribution
. Following exposure to ischemic/anoxic conditions, cells were washed with PBS and fixed in 3.7% formaldehyde for 30 min. After washing twice with PBS, cells were incubated with antibodies to rat α2, α3, α5, β1, and β5 integrins (Sigma, St. Louis, Mo.) (0.5 mL, diluted 1 : 100) for 60 min at room temperature. Cells were then incubated with an FITC-labeled sheep anti-rat IgG (Sigma, St. Louis, Mo.) (0.5 mL, diluted 1 : 100) for 60 min at room temperature in the dark. Cells were then washed twice in PBS at room temperature and mounted on slides with 5 μL Gel/Mount mounting medium. Fluorescence analysis was performed using a confocal laser scanning microscope (BioRad Radiance 2100) and analyzed using Bio-Rad LaserSharp 2000 software. One-micron z-series optical sections were taken from the basal to the apical surface of the cells and stored on optical discs. Distribution of integrins subunit was determined by quantifying the fluorescence intensity. This was performed by drawing polygonal regions of interest on each cell layer in which average integrated fluorescence levels were obtained. Background fluorescence was eliminated by adjusting the image fluorescence intensity to a fixed threshold level.
Visualization of the Actin Cytoskeleton.
After exposure of cells to the ischemic/anoxic conditions, adherent IECs were fixed for 30 min in 3.7% formaldehyde in Ca 2+ -and Mg 2+ -containing PBS (Sigma). The cells were subsequently washed six times in PBS and then permeabilized for 5 min with 0.2% Triton X-100 in PBS. Cells were then washed in PBS and immersed in fresh PBS, to which had been added 5 μg mL−1 of F-actin binding fluorescein-isothiocyanate-(FITC-) labelled phalloidin (Sigma). The coverslips were maintained in the dark and incubated on a rocking platform for 60 min. They were then washed twice in PBS at room temperature and mounted on slides with 5 μL Gel/Mount mounting medium with 0.1% p-phenylenediamine (antiquench) to prevent photobleaching. The cells were then observed using the laser scanning confocal microscope.
Statistical Analysis.
All data are expressed as mean ± SEM. Experiments were repeated three times, with triplicate samples for each. Analysis of variance and appropriate post hoc testing was used to determine the level of significance for differences between means. Values of P < 0.05 were regarded as statistically significant.
Results
Characteristics of Cultured IECs.
The cultured cells showed a high degree of attachment and appeared slabstone shaped under light microscopy. Immunocytochemical characterization showed that more than 90% of the attached cells were positive for alkaline phosphatase (Figures 1(a)  and 1(b) ). Proliferating colonies of IECs coalesced to form large confluent areas of cells. In contrast, nonepithelial cells had a smooth-muscle-cell-like appearance, were present infrequently, and tended to be located at the edges of the IEC colonies or at the periphery of the well. Using the transmission electron microscope, numerous microvilli were observed on the surface of the IECs (Figure 1(c) ). In addition, tight junctions, gap junctions, and desmosomes were evident between cells. In adherent cells the cytoskeleton was evident adjacent to the basement membrane with the appearance of focal adhesion forming. Apoptotic bodies were observed in some cells undergoing apoptosis (Figure 1(d) ). 2+ Channels. To verify the presence of voltage-gated Ca 2+ channels, cells underwent patch clamping. Cells showed voltage-sensitive Ca 2+ currents that could be blocked by nifedipine (5 μM; Figure 2 ).
Electrophysiological Demonstration of L-Type VoltageGated Ca
Extent of Exfoliation and Apoptosis.
The extent of exfoliation and apoptosis in response to ischemia/anoxia is shown in Table 1 and Figure 3 . Both parameters were significantly elevated in the injury group compared to the control group (ER: 25.6 ± 8.2 versus 4.8 ± 1.6%, P < 001; AR: 68.6 ± 4.2 versus 34.5 ± 3.6%, P < 0.01). After treatment with verapamil, the IECs showed a significantly lower degree of detachment and apoptosis than those seen in the injury group (ER: 17.6 ± 6.8 versus 25.6 ± 8.2%, P < 005; AR: 55.6 ± 4.2 versus 68.6 ± 4.2, P < 0.05). 
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Calcium. Ischemia/anoxia induced a significant increase in Ca 2+ i levels. Pretreatment with verapamil (4 μM) significantly attenuated the rise in Ca 2+ i levels that was observed in response to ischemia/anoxiainduced injury ( Figure 4 , Table 2 ).
Integrin Distribution.
In the control group, α3, α5, β1, and β5 integrins in the first z-stack section showed the strongest fluorescence intensity, consistent with these subunits being predominantly located on the basal surface of IECs. In contrast, the apical plasma membrane showed only a slight fluorescence for these integrin subunits. After ischemia/anoxia injury, the fluorescence intensity on this first layer diminished while the intensity on the other layers increased, especially on the top-most layer which indicated these subunits altered their original distribution, moving to the apical surface of the cells. In verapamil-treated cells, the strongest fluorescence intensity was again located toward the basal surface demonstrating an inhibitory effect of the Ca 2+ channel blocker on integrin redistribution ( Figure 5 , Table 3 ).
Effect of Ischemia/Anoxia on the Actin Cytoskeleton.
The effect of ischemia/anoxia on organization of the actin cytoskeleton is shown in Figure 2 . The control group showed a well-organized actin filament cytoskeleton consisting of thin bundles of stress fibers arranged across the cell bodies in a largely parallel pattern. In the ischemia/anoxia group, Factin bundles were not apparent and only clumps of F-actin clumps were visible, indicating depolymerization of the actin cytoskeleton. In contrast, when ischemia/anoxia group was pretreated with verapamil, the F-actin bundles appeared very similar to that of control animals, indicating that the Ca 2+ channel blocker prevented the ischemia-induced alterations in the actin cytoskeleton (Figure 6 ).
Discussion
Injury resulting from ischemia/anoxia may cause significant structural alteration to the intestinal wall including disruption of the epithelial barrier through intestinal epithelial programmed cell death [19] . Several mechanisms have been proposed for the cellular basis of such ischemia/anoxia injury. These include an influx of calcium into cells resulting in an increase in cytosolic Ca 2+ [20] . The increased Ca 2+ level subsequently manifests its cytotoxic effects on cells by altering mitochondrial respiratory function and energy metabolism. The results of the present study are consistent with this possible mechanism. Thus, we found increased intracellular Ca 2+ levels in IECs under conditions Journal of Biomedicine and Biotechnology of ischemia/anoxia which was associated with increased exfoliation and apoptosis. Following treatment with the Ltype Ca 2+ channel blocker, verapamil, we found a significant decrease in both the rates of exfoliation and apoptosis together with a reduction of cytosolic calcium levels. This result indicated that calcium overload may be a trigger for IEC shedding and apoptosis during ischemia/anoxia injury. Furthermore, calcium channel inhibitors may be a potential means of prevention and treatment of intestinal dysfunction following ischemia/anoxia injury.
Integrins are a large family of cell-surface heterodimeric receptors involved in cell adhesion to the extracellular matrix. Differing α and β integrin subunits are expressed in limited combinations and exhibit different ligand specificities. A variety of such integrin subunits have been detected in normal small intestine and colon, including α2, α3, α5, β1, and β5. The spatial distribution of for various integrins differs within IECs. For instance, α5β1 is found at the base of crypt and villus, α2 and α3 are expressed at the basolateral domains of enterocytes under distinctive crypt-villus, while α5 was detected along the crypt-villus axis showing a faint punctate/interrupted pattern [1] .
A number of studies have focused on the importance of integrins in the regulation of programmed cell death in various contexts. Overexpression of the integrin α5 subunit in rat small intestinal epithelial cells conferred protection against several proapoptotic stimuli, while overexpression of the integrin α2 subunit had no effect on cell survival [21] . Downregulation of expression and functional activity of α2β1 integrin is associated with apoptosis induced by butyrate in colorectal cancer cells [22] . Death-associated protein kinase induces apoptosis by suppressing integrin functions and integrin-mediated survival signals in epithelial cells [23] . In tubular epithelial cells, enhanced expression of α3, αV, and β1 subunits and redistribution of these subunits have defined roles in the development of the renal injury [24] .
In our study, using laser confocal microscopy, we observed changes in polarity and distribution of integrins under ischemia/anoxia injury. In control groups, integrins α3, α5, β1 and β5 were mainly located at the basal surface of IECs, while after ischemia/anoxia, these subunits diffused to the apical surface of the cells and were accompanied by cell detachment and apoptosis. Integrin α2 was an exception, as no obvious redistribution was observed in our study suggesting that not all subunits of integrin take part in the IEC injury induced by ischemia/anoxia.
A number of studies have demonstrated relationships between calcium and integrin distribution. For example, calcium concentration appears related to the distribution of β4 integrin epitopes in cultured keratinocytes [25] . Calcium channel blockers exert an effect on the cytoskeleton of tumor cells leading to inhibition of mobility and function of the alpha IIb beta 3 receptor [26] . Furthermore, the calciumchannel blocker, mibefradil, impairs integrin distribution and organization of the cytoskeleton in lens epithelial cell [27] . Our data also suggest that the changes in integrin distribution that occur following ischemia/anoxia are related to calcium overload. Specifically, verapamil treatment partially prevented the injury-induced redistribution leaving the integrin patterns more closely resembling those of the control group.
It is well established that integrins require a connection with the cytoskeleton to perform their roles. In most cases this connection is with the actin cytoskeleton. Activation and ligand binding of integrins lead to an extended extracellular conformation and separation of the cytoplasmic domains, exposing the β subunit cytoplasmic domain and allowing it to initiate interactions with the actin cytoskeleton [28] . Cytoskeletal alterations have been reported to induce apoptosis in a variety of models, with special attention being focused on disassembly of the actin network. In addition, the change in actin cytoskeleton promotes apoptosis in human airway epithelial cells [29] , rat and porcine proximal tubule epithelial cells [30] , and also in other renal ischemiareperfusion (I/R) models [31] . Stabilizing F-actin may be responsible for the protection against hepatic ischemia in vivo by reducing apoptosis [32] . In the present study, actin depolymerization occurred under ischemia/anoxia in vitro which was together with the change of integrins and induced cell detachment and apoptosis. Verapamil may lead to aggregation of the actin cytoskeleton which exerts a protective effect on IECs limiting detachment and apoptosis.
A recently published study provided clear evidence for integrins in downregulating actin-based structures [33] , while exactly how the actin cytoskeleton feeds back to the integrin-based adhesion remains less clear. In our study, we observed changes in integrin distribution and F-actin formation, but the temporal relationships between these factors are not clear. At this point, there is little evidence to suggest that calcium overload directly affects the integrins; however effect of intracellular calcium levels on the actin cytoskeleton has been accepted for many years. For instance, Ca 2+ influx has the ability to interfere with the structure of the actin cytoskeleton in a variety of neuron cell types [34] . Further, Ca 2+ levels are associated with the disassembly of F-actin in intestinal microvilli [35] . Thus we speculate that calcium overload, induced by ischemia/anoxia, may affect the distribution of integrins through the depolymerization of Factin. This hypothesis, however, requires further verification.
In conclusion, in the present study we found that ischemia/anoxia-induced injury in IECs leads to an altered integrin distribution and depolymerization of F-actin. Associated with these changes were increases in apoptosis and cell shedding. Evidence was provided that calcium overload following ischemia/anoxia may be an underlying mechanism in these responses. Thus, a calcium channel blocker both decreased the extent of exfoliation and apoptosis and reduced the alterations in integrin distribution and actin assembly. Further studies are required to determine the exact relationship between the integrin and actin cytoskeleton in the ischemia/anoxia-induced events and to verify that these mechanisms translate to the in vivo situation.
